The effects of environment on cyclic and static fatigue behavior were investigated with hot-pressed silicon nitride materials. Tests were conducted at ambient temperature on standard compact tension specimens, and a dc electric potential technique was used to monitor crack lengths in situ. The results indicate that the environmental sensitivity of our materials under both cyclic and static loading mirrors that of durable glasses in static fatigue. The materials were most sensitive to water in the environment, while changes in pH had no significant effect in the range tested. In addition, NH, was much less reactive with our materials than with vitreous SO,. In some cases, the intergranular glass appears to be the site of environmental interaction. Evidence was also found that cyclic fatigue is not simply a manifestation of static fatigue. Cyclic fatigue was seen to occur in the absence of measurable static fatigue, and the data indicate that the mechanism of cyclic fatigue involves damage to the crack wake shielding zone.
I. Introduction
RACK growth in ceramic materials occurs under both static C and cyclic fatigue conditions. Static fatigue proceeds by subcritical crack growth under constant loads and has been recognized to be an environmentally activated process. Cyclic fatigue, on the other hand, is classically thought of as a mechanical phenomenon in which load oscillation leads to crack propagation. Both types of fatigue have been observed in Zr02rl-5 A120,,6, ' Si, N, , SiC/A120, composites," and in several other ceramic materials and composites. Crack growth in cyclic fatigue is usually several orders of magnitude faster than in static fatigue at the same maximum applied stress intensity, K,,,,,. In addition, some environmental sensitivity of cyclic fatigue was noted in several studies of p-Si,N48-'s but was not extensively investigated.
Cyclic fatigue in ceramics has been found to differ in several ways from fatigue in more ductile materials. Ceramics do not exhibit the fatigue striations seen in ductile materials, and the difference in appearance of fatigue fractures and fast fractures, while distinguishable under careful comparison, is often too small to quantify.'.I6 Ceramics have also been shown to be much more sensitive to stress intensity than metals or polymers, as quantified through the Pans law: d d m = A(AK)" (1) Here da/W is the crack growth rate in m/cycle, A K is the difference between the maximum and minimum applied stress intensity, K,,, and K,,,, n is an exponent, and A is a constant K. Jakus-contributing editor Manuscript No. 194078. Received November 1, 1993; approved 
1993.
Member, American Ceramic Society.
which depends on the R-ratio ( KmIn/Kmax). A typical n value may range from 8 to 120 for ceramics in cyclic fatigue, "' compared to typical values of 2 to 5 for metals and polymers. Recent evidence' suggests that the large n values found for ceramics really arise from a strong dependence on K, , , and only a relatively weak, quadratic dependence of A K . The above features are thought to be inherent to all brittle materials. ' . '' The literature shows that Si'N, ceramics display the same basic features in cyclic fatigue as described above.x I s This includes a growth rate enhancement by cyclic loading relative to static loading by up to 3 orders of magnitude, an environmental sensitivity, lack of fatigue striations, and a strong dependence on K,,, with a weaker dependence on A K . Evidence has also been found in Si,N, for true cyclic fatigue in the absence of measurable static fatigue.15 Other features typical of fatigue in ceramic materials have also been observed in Si,N,. Increasing the R-ratio tends to decrease crack growth rates for a given K,,,,. However, at high growth rates (==lo-' m/s) this effect becomes small. Test frequency has no significant effect on crack growth rates (expressed as ndcycle) as long as the K,,, in cyclic fatigue is lower than the threshold K for static fatigue (Kth,$). Kishimoto et al. 'w'2 found that crack velocities below Klh,s were cycledependent only, indicating a purely mechanical effect, while above Klh,s velocities became more time-dependent, indicating a contribution from static fatigue. Other studies of Si, N, 8 .Is have shown that cyclic fatigue growth rates in an inert environment (vacuum) may be up to 3 orders of magnitude slower than those in moist air. These observations of cyclic fatigue in Si,N, are reminiscent of cyclic stress corrosion cracking seen in metals, in which environmental interactions at the strained crack tip play an important role in controlling crack growth rates. '" Some investigators have speculated that the environmental sensitivity observed for Si,N, is linked to the intergranular glass phase present in these materials (usually an In light of the above observations, an investigation into the complex relationships between environment, cyclic fatigue, and static fatigue has been undertaken in this study. The explicit effects of several test environments on both cyclic and static fatigue have been determined and the role of the intergranular glass phase investigated. In addition, strong evidence is found that cyclic fatigue, unlike static fatigue, causes damage to crack wake shielding, and that this mechanism alone is sufficient to propagate a crack in our materials. Thus cyclic fatigue is seen to be a mechanical process that may be enhanced by interactions with the environment.
Experimental Procedure
(1) Materials Test specimens were hot-pressed from a-silicon nitride powders containing Y,O,, A1,0,, and AIN as sintering aids. Before hot pressing, the starting powders were attrition milled for 2 h in 2-propanol containing 0.50 wt% of a surfactant (DOW XUS 40303.00). Four materials were tested, designated S N l 4 . The starting powder compositions are given in Table I , and characteristic material properties are given in Table 11 . The variations in toughness of S N 2 4 were produced by altering the hot-pressing conditions slightly. Note that the K,, values listed in Table I1 were found to be different in water-rich and water-poor environments. X-ray diffraction analysis revealed that the major crystalline phase was P-Si,N, for all materials. A small amount of residual a-Si,N, was also present, but crystalline Y,A1,0,, (YAG) was not found. From the literature it is expected that an oxynitride glass is present as an intergranular phase."
(2) Mechanical Testing
Compact tension (CT) specimens were fabricated in accordance with ASTM E 647-83, with W = 25.4 mm and B = 4.00 mm. The specimens were machined with a half-chevron notch and were precracked in tension-tension cyclic loading until a sharp crack was grown at least 2 mm beyond the notch root. Crack lengths were measured in situ using a dc electric potential technique. For this purpose, a continuous Ni or Ti film about 0.1 p m thick was deposited on one highly polished face of the CT specimen. The adhesion of the film to the specimen was strong in all cases, and the film was observed to fracture brittlely along with the specimen. Use of a high-resolution digital multimeter enabled us to resolve changes in crack length of less than 2 p,m.
Fatigue tests were carried out using an MTS servo-hydraulic test machine. Tests were conducted in load control using a closed-loop computer system. Three loading schedules were used. The first involved only cyclic loading using a sinusoidal waveform with a frequency between 1 and 5 Hz and a load ratio (Km,n,Kmai) of R = 0.1. The second involved only static loading using a constant applied load. In both of these loading schedules, the crack length, and thus K,,,, were allowed to increase in order to cover a wide range of K and crack velocity. Before performing static loading tests, the crack was usually propagated a short distance at low K,,, (low daldt and a large number of cycles) to try to minimize load history effects. In some cases, quasi-static loading was performed at the beginning of the static fatigue test. This was often necessary to offset a tendency for crack arrest at very low K, , , and to shorten the duration of the test. In these cases, the load was stepped up about 2 N every 30 to 60 min until a daldt of about 1 X lo-' m / s was recorded, after which the load was left constant. The third loading schedule is referred to herein as block loading. During this type of test, cyclic and static loading were alternated many times to examine any synergism between cyclic and static fatigue at different K,,, values. The specific details of this loading sequence are given in Fig. 1 .
(3) Environments
Fatigue tests were conducted in the seven test environments listed in Table 111 . All tests except those in moist air were performed inside an environment chamber. An alkaline environment was used to sample the effect of pH since it was expected to be more corrosive than an acidic environment for our materials and thus to show any pH effect more ~learly.~' Extremes of pH were avoided due to the hazards involved. Table IV shows the test environments in which data were collected for the materials used in this study. Cyclic fatigue data were collected in moist air for all four materials, and this was used as a "reference" environment to allow comparison of data from the different specimens.
(4) Microscopy
After specimen failure, fracture surfaces were observed under a scanning electron microscope (SEM: Hitachi S-800). Each field of view was correlated with the type of loading and environment that produced that part of the fracture surface. In addition, a rectangular bar was cut from each specimen, notched with a diamond wafering blade, and fast fractured. The fracture surfaces so produced were observed in the SEM. They were then etched in molten NaOH to remove the intergranular glass phase and photographed again in the SEM. These observations helped to distinguish the grain boundary glass from the Si,N, grains in the fracture surfaces resulting from cyclic and static loading.
Results

( I ) Normalization of Data
Figure 2(a) shows cyclic fatigue curves obtained in the reference environment (moist air) for all four materials. The data are plotted in accordance with Eq. (l), but since A K = KmaX(l -R) and R = 0.1 for all tests, K,,, is used rather than A K . This allows direct comparison of cyclic and static fatigue data. The slopes of these curves are approximately the same, but their position along the abscissa is in order, from left to right, of increasing K,, (cf . Table 11 ). (On the other hand, the position and slope of the fatigue curve for a given material in a given environment were highly reproducible.)
To allow meaningful comparison of test results for various toughness materials, many authors suggest using K,, to normalize cyclic and static fatigue Indeed, Dauskardt et uLZ9 have shown that normalizing by the plateau toughness from R-curve measurements produced a "universal" cyclic fatigue curve for several Mg-PSZ materials having very different microstructures and toughnesses. Since KIc (and presumably the R-curve) vanes with environment (see Table 11 ), normalizing parameters were selected by constructing a "universal" fatigue curve from cyclic fatigue data in a reference environment (moist air), in accordance with the results of Dauskardt et ul. First Table I1 for Vickers indentation in water. These N, were then used to normalize data obtained in other environments for each material. We expect that the above procedure will produce a set of "universal" curves, one for each test environment, showing the trend of environmental interaction for this general class of material (Si,N, with a Y-Si-AI-0-N intergranular glass of a given composition). This, as we shall see, also includes the SN I material, which has a slightly different glass composition than the others. Since the normalization procedure was initially established from cyclic fatigue data, it is possible that the static fatigue data do not normalize the same way. Later we will show that, indeed, static fatigue data for the SN1 material normalizes differently from the others, and that this is related to the R-curves of our materials.
The normalized cyclic fatigue data are plotted in Fig. 3 , and the static fatigue data in Fig. 4 . Data from all four materials are represented in these figures, but only those entries in Table IV marked by a "0" are shown for the sake of clarity. Uncharacteristically high and low d d d t values have also been eliminated to reduce the scatter in the data and to show the trends more clearly. The trends seen in Figs. 3 and 4 are summarized below.
(2) Cyclic Fatigue ( A ) Moist Environments: Figure 3 (a) shows cyclic fatigue data acquired in environments containing a significant amount of H,O. Decane is included in this set since it is expected to have absorbed water by contact with ambient air. '' Cyclic fatigue proceeded fastest in these four environments (compared to the "dry" environments shown in Fig. 3(b) ), but 10 be developing around daldN = 1.5 X lo-* ndcycle. Below the plateau the slope is about the same as for moist environments, while above the plateau there is a pronounced increase in slope. Note that stable crack growth is occurring well above K,,, = 1 in these "dry" environments. Indeed, in the vacuum environment the entire range of measurable crack growth lies above K,,,, = 1 . A plateau region may exist here at daldN = 1.5 X 10 -' d c y c l e , but the slope of the fatigue curve is about 3 times larger over the whole range of data compared to the moist environments.
(3) Static Fatigue Figure 4 summarizes the effect of environment on static fatigue in our materials. Tests were conducted mainly under constant load (increasing K, , , due to crack growth) conditions, with some quasi-static loading during the initial stages for the data in moist air and H,O. The cyclic fatigue curve in H,O, which was converted to m/s for this figure, is also included for comparison. All data shown have been normalized as described in Section III( I). Static fatigue growth rates in moist air and DI H,O are seen to be approximately the same, and they are slower systematic differences among these four were difficult to discern. Crack growth rates in DI H,O were at most twice as fast as in moist air, while growth rates in decane appear to be slightly slower than in moist air. The curve measured in aqueous NaOH lies in the same range of K,,, and da/dN, but it appears to have a higher slope than the other data sets. A convincing systematic difference is hard to determine because of the scatter inherent in the data. The best assessment we have is that all the results in moist environments fall in the band bounded by heavy lines in Fig. 3(a) , and that increasing the amount of water in the environments produces a small but measurable increase in crack growth rates.
The Paris law exponent found from the slopes of the curves in Fig. 3(a) Dry" Environments: Figure 3(b) shows data for cyclic fatigue in the three relatively dry environments, as well as the boundaries of the moist environment data. Compared to fatigue in moist environments, growth rates in anhydrous NH, were 2 to 5 times slower at the same K, , , , while the slope of the curve is not significantly different. Growth rates were somewhat slower in N, than in NH,, and a plateau region appears to by up to 3 or 4 orders-of magnitude compared to those in cyclic fatigue at the same K,,,,. At high K,,,, and daldt the slope of these curves is about twice that of the cyclic fatigue curve in H,O, while at low K,,, and daldt (where we had to perform quasi-static loading) the data appear to run parallel to the cyclic fatigue curve. In NH,, static fatigue growth rates are significantly slower than in air or H,O, and the slope of the curve is about 4 times that of the cyclic fatigue curve in H,O. Most of the data for these three environments, which were acquired with the SN2 and SN4 material, lie above K,,, = 1 and are closest to the cyclic fatigue curve for vacuum. Data obtained in the NaOH,,,, environment, acquired with the SNI material, show a slightly different behavior. These data lie mainly below K,,, = 1, are much closer to the cyclic fatigue data for moist environments, and exhibit faster growth rates at a given K,,, compared to the other materials. The close proximity of static and cyclic fatigue curves for SN1 is similar to results reported by Kishimot0 et al. for sintered Si,N, tested in moist air.'&'*
(4) Block Loading Tests
Two general types of behavior were seen during block loading tests for any given material and environment, which we illustrate here using data from the SN2 material tested in moist air. At low values of K,,,,, crack growth essentially arrested when the loading was switched from cyclic to static loading at the same K,,,, as shown in Fig. 5(a) . At higher K,,, significant crack growth (-30 pm over 2 h) was observed during the static segment, but growth rates were transient and decreased over time, as shown in Fig. 5(b) . This transient growth was seen even under vacuum. Some evidence of delayed acceleration when switching from static back to cyclic loading was also found. In general, these results show that cyclic fatigue can proceed in the absence of static fatigue, and that any contribution from static fatigue is more prevalent at the higher K,,, range of cyclic fatigue. The transient behavior also suggests that the R-curve influences the static fatigue results, as discussed in Section IV(6). Figure 6 (a) shows the microstructure of the SNI material, as revealed by etching a fracture surface with molten NaOH to remove any intergranular glass phase. The material is quite fine-grained, with grain diameters ranging from 0.1 to 0.5 pm, and grain lengths up to about 1.5 pm. This fine microstructure is consistent with the relatively low toughness of the SN1 material." In contrast, the fracture surface produced by cyclic fatigue (in moist air) is shown in Fig. 6(b) . Both fracture halves had this appearance, with fracture being mainly intergranular and with large amounts of glass coating the grains. The presence of so many glass-coated grains on both halves indicates that fracture was largely through the glass, and that the intergranular glass was the locus of environmental interaction in the SN 1 material.
(5) Fractography
The microstructures revealed by etching in molten NaOH for the SN2-4 materials were very similar, and a representative micrograph is shown in Fig. 7(a) . A coarser, bimodal microstructure is apparent, with grain diameters ranging from about 0.1 to 1.5 pm and grain lengths reaching 4 or 5 pm. This microstructure is consistent with the relatively high toughness of these materials." Fracture under cyclic fatigue (in moist air) was again mainly intergranular, as shown by a representative micrograph in Fig. 7(b) .
In all our materials, the test environment produced no significant difference in the appearance of the fracture surfaces. Static loading and fast fracture did result in somewhat larger amounts of transgranular fracture compared to cyclic fatigue, but the difference is difficult to quantify. No effect of environment was seen on these bands. Macroscopically, static fatigue and fast fracture produced bands of lighter contrast than cyclic fatigue. This contrast was discernible with the naked eye but was lost at higher magnifications. It was postulated that the contrast was produced by the differing amounts of transgranular fracture in each region and that this would correlate with surface roughness, as found by Fletcher et al." However, the arithmetic average surface roughness was the same for both light and dark regions (R, = 1.8 pm, measured using a Sheffield Proficorder Spectre System) so surface roughness does not appear to generate the contrast. Other causes are possible, such as differences in surface reflectivity due to fretting wear or to the presence of more intergranular glass on the cyclic fatigue regions. Further study is needed to resolve this question.
IV. Discussion
( I ) Effects of Moisture
The materials tested all appear to be most sensitive to the amount of water in the environment. Water is known to chemisorb onto strained bonds in ceramics such as SiO, and A1,0,, and this is one mechanism responsible for the occurrence of static fatigue in these materials.'X.22,2' For our Si,N, materials in cyclic fatigue, the most striking example of this sensitivity is seen under vacuum. When the amount of water is reduced to several parts per billion under vacuum, there is a decrease in cyclic growth rates by more than 3 orders of magnitude compared to the moist air environment. Water sensitivity is also revealed by the tests conducted in decane and N,. These species are not believed to chemisorb at strained crack tip bonds, but they are expected to have various amounts of H,O dissolved in them. ''-'" The decane is expected to have about 50% relative humidity due to exposure to room air, which is equivalent to about 120 ppm H,O by eight.^' On the other hand, the "dry" N, is prepurified to about 8 ppm H,O, which is equivalent to about 0.04% relative humidity. The difference in crack growth rates, which are about 5 times faster in decane than in N,, thus appears to result from the difference in H,O in these environments. (The results in anhydrous NH, appear to depend on the reactivity of NH, rather than H,O, and this is discussed in Section IV(4) ). Therefore, the sensitivity of cyclic fatigue to water is quite clear from the data. Although the static fatigue data are not as extensive, they appear to follow the same trends as the cyclic data in terms of environmental sensitivity.
(2)
The moisture sensitivity of our materials is very similar to that seen in Si0,-based glasses under static fatigue. This suggests that the chemisorption reaction aiding crack propagation in static fatigue also operates in cyclic fatigue. Static fatigue in glass is generally divided into three stages, as illustrated in Fig. 8 . In stage I, crack velocities are directly proportional to the activity of water (or other reactive species) in the environment, while the slopes for different test humidities are about the same.
Stage I1 is characterized by a plateau region where crack velocities are thought to be limited by the rate of water transport to the crack tip. The onset of this stage depends on the concentration
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of water and the viscosity of the test media. Stage 111 lies above the plateau region, and crack velocities again become very sensitive to changes in K,,,,,. Here, data for various humidities join onto one line, and crack growth is thought to depend not on water concentration or activity, but on the dielectric properties of the material and the test media."
The data in this study, for both cyclic and static fatigue, closely resemble the three-stage process described above. Most of the data, except for those under vacuum and at higher K, , , in N,, correlate best with stage I. They show a trend of decreasing crack velocity with decreasing water content, and each daldt vs K curve has a slope much steeper than one would expect for stage 11. The data under vacuum have a larger slope and are shifted to a higher K-regime, which appears to correspond to specimens of glasses, ZrO,, and AI,O, in moist environments, but usually at growth rates well above m/s. Since crack instability in our CT specimens at high daldr prevents us from sampling this range, stage I1 would only be expected to appear in very low humidity environments, such as N,. Thus, we conclude that most of our cyclic and static data correspond best with a stage I type process. The two regions of different slope in some of the static fatigue curves are more consistent with mechanical rather than environmental effects, as will be discussed in Section IV(6).
The most notable difference between our results and those for glass is that our data do not show the direct proportionality to water activity found by Wiederhom et For instance, growth rates in moist environments are only 8 to 15 times faster than those in N,, while one would expect them to be about 500 to 1250 times faster. This discrepancy could result from a deviation from first-order reaction kinetics, as noted in some tests by Wiederhomi8 and Freiman?" or perhaps from the polycrystalline nature of our materials. In all other aspects, however, our results in both cyclic and static fatigue mirror those for static fatigue of glass. This indicates that chemisorption at the crack tip is occurring under both types of loading in our materials.
(3) Effects of pH
The apparent lack of a pH sensitivity is analogous to that seen in soda-lime silicates, in which a pH between about 2 and 14 has no discernible effect on fracture stress3, or on d~l d t . '~ This observation may be attributed to the nature of the grain boundary glass in our materials. Our intergranular phase is an yttrium-containing oxynitride glass which, along with sodalime silicates, is known to be a "durable" or corrosion-resistant material. In particular, W~sirika,~ has shown that yttrium-containing glasses, whether silicates or oxynitrides, are very resistant to corrosion by concentrated NaOH up to about 100°C. Therefore, the insensitivity to pH observed in SN1 is not surprising.
(4) Other Reactive Species (NH,)
Michalske et a/.22.27 have shown that for vitreous SiO, and sapphire under static fatigue, "dry" NH,, with a relative humidity of 1-5%, will produce crack growth rates equal to those produced by H,O. They concluded that NH,, like H,O, chemisorbs at strained Si-0 or AI-0 bonds at the crack tip. Molecular orbital (MO) calculations by several gro~ps'~.*~ 36 have shown that a strained Si-0 bond constitutes an acid-base pair which can react with environmental species that have a Lewis base site adjacent to a proton donor site (such as H,O and NH,). Freiman et a/.37 also found NH, to be corrosive to soda-lime silicate glass, though growth rates were up to 10 times slower than in H,O for this type of glass. The difference between vitreous silica and soda-lime silicates was believed to result from the effect of modifying cations on the reactivity of Si-0 bonds and by the presence of nonbridging oxygens in the glass network.
The effect of NH, on our materials appears similar to that seen in soda-lime silicates. In both static and cyclic fatigue, growth rates in NH, were at least 10 times slower than in H,O.
Assuming that the NH, is at least as dry as the N, environment, ammonia appears to have only a small effect on crack growth rates compared to H,O. The presence of Y'+ in our intergranular glass phase may account for this.,' However, the presence of nitrogen in our glass may also be responsible, since we may speculate that Si-N or 0-Si-N groups may be less reactive, at a given strain, than Si-0 bonds.
(5) Site of Environmental Interactions
The environmental sensitivities discussed above, coupled with the large amounts of glass on the fracture surfaces (especially on the SN1 material), suggest that the site of the chemisorption reaction is at the intergranular glass phase in our materials. However, a definitive resolution to this issue is not trivial. Although grain boundaries in liquid-phase-sintered Si,N, are always coated with an amorphous glass,38 the literature does not indicate whether cracks propagate through this glass or along the glass-grain interface. Our own ESCA studies were inconclusive because of the mixed inter-and intragranular fracture of our materials and becayse the escape depth of X-ray photoelectrons can be up to 50 A while tge glass layer may often have a thickness of only 10 to 20 A.36 In addition, Jo etaL3' have found that both 0, and H,O will quickly and readily chemisorb onto pure, unstrained Si,N,, converting the surface to an SiO-or SiOH-rich layer. Finally, Sat0 et a/.40 have found that the matrix Si,N, is preferentially attacked under hydrothermal conditions when the grain boundary phase contains Y,O, and Al,O,, as do our materials. Therefore, although we have some indications that chemisorption happens mainly with the intergranular glass, an interaction with the Si,N, matrix cannot be unequivocally ruled out as the origin of the observed environmental sensitivities.
(6) Influence of the R-Curve
For nontransformable ceramics such as Si,N, and A1,0,, an R-curve results from the accumulation of frictional bridges in the crack wake.",41 These bridges shield the crack tip from the applied far field stresses, so that Here K,,, is the stress intensity at the crack tip (the actual driving force for crack growth), and K,, is the magnitude of shielding:' A crack will grow critically when K,,, = K O , the intrinsic toughness of the material, or subcritically when K,,, 5 K O , as in static fatigue. Under monotonically increasing loads, K,, usually increases as the crack grows, producing an R-curve such as that shown in Fig. 9 for the SN3 material. The R-curve shown is typical of those reported in the l i t e r a t~r e .~' .~~.~
The R-curves of S N 2 4 should be similar, since they have very similar microstructures, while the R-curve for the finegrained SN1 should be quite different. Indeed, Vekinis et ~1 .~' have shown for A1,0, that increasing the grain size leads to a steeper R-curve with a higher plateau toughness, K,, and that the difference between KO and K , also increases with grain size. Since static fatigue tests are similar to R-curve tests (K,,, is always increasing, and there is no load oscillation), we would expect to see an influence of the R-curve in our static data if K,, is not saturated at the start of the static tests. We believe that we do indeed see evidence of this. The static fatigue data for moist air and H,O (Fig. 4) are unlikely to correspond to stage I1 and stage I11 static fatigue, as discussed in Section IV(2). However, the region of lower slope, at low K,,,, is possibly a region where K,, is increasing, so that a large change in K,,, is needed to produce a small change in K,,, and thus in daldt. The region of higher slope appears to be a region where K,, is saturated. In addition, the failure of the static fatigue data for the SNl material to normalize onto a universal curve may be explained if the increase in K,, is greater for S N 2 4 than for SN1, as expected Vol. 77, No. 5 from the results of Vekinis et al. These conclusions are rather speculative at this time, but are included to underline the importance of considering R-curve behavior in static fatigue tests.
(7) Mechanism of Cyclic Fatigue
Despite the analogies drawn so far between cyclic fatigue in Si,N, and static fatigue in glass, it is clear that cyclic loading itself is capable of producing crack growth even in the absence of environmentally assisted static fatigue. This is seen most clearly in the vacuum data, as cyclic fatigue under vacuum (SN4 material) is faster than static fatigue in reactive environments. Block loading test results, such as in Fig. 5 , show that crack growth can be dormant under static loads in regimes where growth readily occurs under cyclic loads, even under vacuum. These observations confirm that cyclic fatigue is not simply a manifestation of static fatigue, but a distinctly different phenomenon.
It has been suggested that cyclic fatigue causes mechanical degradation of crack wake shielding, resulting in a higher local driving force for crack growth compared to static f a t i g~e .~' Equation (2) indicates that if K,, is lower in cyclic than in static fatigue, for a given applied K,,,, then K,,, will be larger in cyclic fatigue, and therefore growth rates will be faster. The effect of a degraded K,, will be enhanced when, as we have documented in this work, environmental interactions at the crack tip facilitate fracture during cyclic fatigue. Thus, mechanical degradation of crack wake shielding will result in higher daldt whether cyclic fatigue proceeds by critical or subcritical fracture.
Several of our results support the conclusion that cyclic fatigue degrades Ksh. If, as discussed above, K,, does increase during static fatigue, this implies that K,, was prevented from reaching saturation during previous cyclic testing. Static tests were always immediately preceded by cyclic fatigue tests, except for the one in NH,, which followed a static fatigue test in air and shows no region which we associate with increasing Kqh. Thus, we infer that the cyclic fatigue prior to the air and H,O tests degraded crack wake shielding. This also indicates that the load history immediately preceding the static fatigue test, rather than the total load history, has the largest effect on test results.
More convincing, however, is that the transient decay of daldt was seen in many static segments during block loading tests. This suggests a repetitive process of shielding degradation during cyclic segments followed by shielding accumulation during static segments. The transient decay most likely occurs because, during static fatigue, K,, is following the rising portion of the R-curve and is likely to increase much faster than K,,, as the crack grows. This reduces the local driving force ( K t J and, consequently, daldt. We note that initially daldt in the static segment is slightly less than in the cyclic segment, and that it rapidly decays by 2 or more orders of magnitude (cf. Fig. 5(b) ). When cyclic fatigue is resumed, the crack quickly attains a fast growth rate. In the next static segment, thp, initial daldt is again close to, but slightly less than, that in cyclic fatigue before the transient decay is again seen. Thus, K,,, is apparently higher at the start of the second static segment compared to the end of the first one. Therefore, the effect of cyclic loading is to degrade crack wake shielding, thus allowing a higher local driving force and faster crack propagation at the same applied K,,, compared to static fatigue.
V. Conclusions
Cyclic fatigue in P-Si,N, is a mechanical process that can occur in the absence of measurable static fatigue, even under vacuum. However, cyclic fatigue is also sensitive to the environment and displays the same trends with environment as static fatigue. This indicates that a chemisorption process occurring at the crack tip influences crack growth for both types of fatigue.
( 2 ) The interaction with water is often the strongest determinant of environmental sensitivity in both cyclic and static
(1) fatigue of our materials. Crack propagation is sensitive to water activity at lower growth rates, similar to stage I in glasses. In more inert environments a stage 11-type plateau region is observed, followed by a very steep K-dependence at higher stress intensities, similar to stage I11 in glasses.
( 3 ) The sensitivity of our materials to pH and to NH, is low, similar to behavior seen in soda-lime silicate glasses. This is most likely a result of good chemical durability of the Y-Si-AI-0-N intergranular glass.
Cyclic fatigue degrades crack wake shielding in Si,N,, while static fatigue may increase K,, or lead to shielding saturation. This results in a higher local driving force under cyclic fatigue for a given applied K,,, and thus faster crack propagation compared to static fatigue. This also accounts for the transient deceleration observed in block loading tests.
(4)
